We have constructed a scanning soft-x-ray microscope that uses a laser-produced plasma as the soft-x-ray source and normal-incidence multilayer-coated mirrors in a Schwarzschild configuration as the focusing optics. The microscope operates at a wavelength of 14 nm, has a spatial resolution of 0.5 sAm, and has a soft-x-ray photon flux through the focus of 104-105 sec'1 when operated with only 170 mW of average laser power. The microscope is compact; the complete system, including the laser, fits on a single optical table.
Soft-x-ray microscopes operating in the water window between 2.3 and 4.4 nm are capable of imaging wet biological cells with a resolution many times that of a visible-light microscope.' Several such soft-x-ray microscopes have been constructed. However, with the exception of contact microscopes, all use synchrotrons as the source of soft-x-ray radiation and Fresnel zone plates as the focusing optics. We have constructed a scanning soft-x-ray microscope that uses a laser-produced plasma as the soft-x-ray source and normalincidence multilayer-coated mirrors as the focusing optics. The microscope operates at a wavelength of 14 nm, has a spatial resolution of 0.5 Aim, and has a soft-xray photon flux through the focus of 104-105 sec 1 when operated with only 170 mW of average laser power. The microscope is a compact, laboratory-scale instrument; the complete system, including the laser, fits on a single 4 ft X 8 ft (1.25 m X 2.5 m) optical table.
In this Letter we describe the microscope and present experimental results, including resolution tests and images of a transmission test pattern etched in a freestanding gold film.
Between the oxygen absorption edge at 2.3 nm and the carbon edge at 4.4 nm the absorption coefficient of water is an order of magnitude less than that of protein. For biological samples this difference in absorption gives natural contrast without staining, while the short wavelength allows high resolution. To date the highest soft-x-ray microscope resolution of 10 nm has been achieved with a contact microscope 2 ; however, much of the current effort is directed at developing scanning soft-x-ray microscopes. Scanning microscopes expose the biological sample to the minimum dose of damaging radiation, and the information is immediately available on a computer. At present there exist three scanning soft-x-ray microscopes operating in the water window, all of which use synchrotrons as the source of soft x rays and Fresnel zone plates as the focusing optics.
3 ' 4 Although their performances are comparable, the state of the art is represented by the Stony Brook/Brookhaven microscope, 4 which has a resolution of 75 nm and a detected photon rate of 2 X 105 sec- 1 .
By combining a compact, high-brightness, laserproduced plasma soft-x-ray source with high-throughput, normal-incidence multilayer mirror optics, we have built a scanning soft-x-ray microscope similar in size and accessibility to an electron microscope. Our microscope is shown schematically in Fig. 1 . The length from the source to the detector is 1.4 m. Although our ultimate goal is to construct a microscope that operates in the water window, the present microscope operates at a wavelength of 14 nm.
The laser-produced plasma is a compact, highbrightness source of soft-x-ray radiation. 5 In our present microscope the laser-produced plasma is formed by focusing pulses of 1064-nm radiation from a Q-switched Quanta Ray DCR II Nd:YAG laser onto a rotating solid-copper cylinder located inside a vacuum chamber. The laser operates at 10 Hz, with a pulse length of 8 nsec and pulse energies of up to 800 mJ. The present microscope operates with laser energies of only 20 mJ per pulse. With a focal spot diameter of 30 ,m the resulting intensity on the copper target is -4 X 1011 W cm-2 . The target is rotated and translated with a 40-pitch threaded rod in order to produce a fresh area for each laser shot.
The diameter of the plasma source depends on the pulse length and the laser focal size. In our microscope the laser pulse length of 8 nsec and the focus of 30 Am result in a plasma diameter of -100 ,m, with the plasma radiating isotropically into 27r sr. As illustrated in Fig. 1 , a small fraction of this radiation is 
collimating pinhole -, X-ray scanning focusing stage optics collected by the Schwarzschild microscope objective and focused. The sample is scanned through this focus, and an image of the sample transmission is built up pixel by pixel. The objective has a focal length of 13 mm, so with the source-to-objective distance of 1.3 m the source is demagnified by a factor of 100. By using pinholes to aperture the plasma source, we can ensure that the diameter of the soft-x-ray focus is not limited by the demagnified source diameter.
The design of our 0.3-numerical-aperture Schwarzschild objective was presented previously. 6 The spherical Zerodur mirror blanks were custom fabricated, 7 and the parameters are given in Table 1 . Advantages of the Schwarzschild objective include high numerical aperture, near-zero spherical aberration, and relative ease of fabricating spherical mirrors.
The use of normal-incidence focusing optics for soft x rays is made possible by multilayer mirror coatings. 8 ' 9 The mirrors of the objective were coated with a molybdenum/silicon multilayer designed to give a peak throughput of the objective at 14 nm. 10 A polished-silicon wafer witness sample was coated in the same run as the Schwarzschild mirror blanks. We measured 1 1 the normal-incidence reflectance of the coating on the witness sample to be (55 i 5)%, centered at the desired wavelength of 14.5 nm, with a bandwidth of 0.7 nm. Substrate surface roughness tends to degrade the structure and the performance of the multilayers. The measured 0.7-nm rms surface roughness of the Schwarzschild mirror blanks is twice the typical roughness of a polished silicon wafer, so the reflectance of the actual mirror may be less than 55%; however, we expect it to be greater than 35%.
A consideration in constructing a two-mirror objective with narrow-bandpass mirrors is the overlap of the reflectance bandpasses of the two mirrors. With the vertices of the two mirrors placed the same distance from the sputtering source in the coating chamber the bandpass overlap is excellent across the full aperture of our objective. The expected throughput of the coated microscope objective is 6% across a 0.85-nm bandwidth centered at 14 nin.
Proper alignment of the mirrors is critical to achieving high resolution. The mirror positions are adjusted with five optically encoded dc motors controlled by a personal computer. This system is intended to permit the final alignment to be performed by using x rays; however, at present the mirror alignment is optimized by using visible light.
The sample is scanned through the x-ray focus by a three-axis (XYZ) translation stage driven by encoded dc motors with a resolution of 0.1 Mm. For highresolution knife-edge scans of the x-ray focus a piezoelectric transducer with a 15-Mm range was incorporated into the X axis of the translation stage. The x-ray photons transmitted by the sample are detected with a microchannel plate detector. The microscope resolution was determined by scanning a razor blade edge through the x-ray focus. Figure 2 shows the result of one scan taken with the piezoelectric transducer with a step size of 0.06 Am. If we use the criterion of 10%-90% the resolution is 0.8 i 0.1 Mm, while if we use the criterion of 25%-75% the resolution is 0.5 J 0.1 ,m. These percentages do not include the background energy, which constitutes one third of the total signal. We suspect that the background haze is due to scatter off the mirror surfaces. For this measurement a 10-Am pinhole was placed in front of the plasma to reduce the source image size to 0.1 Mm. The factors influencing resolution and their estimated contributions are given in Table 2 . The present limiting factor in the resolution appears to be the mirror alignment. The mirrors are aligned to diffraction-limited performance in the visible, i.e., resolution of -0.9 Mm, but it is possible that this is not sufficient to obtain the 0. 2 -Mm resolution indicated in Table 2 .
With the 10-Mim pinhole in front of the plasma, and using only 17 mJ per pulse incident upon the copper target to produce the plasma, we obtain 103-104 x-ray photons per pulse through the focus of the microscope. With the laser operating at 10 Hz this photon number corresponds to a flux of 104-105 sec 1 -. Although the microscope operating wavelength of 14 nm is not appropriate for taking images of biological samples, we have taken several images of artificial microstructures. One such sample is the resolution test pattern shown in Fig. 3(a) . The pattern was produced by optical lithography and consists of transpar- Razor Position (jlm) 7 8 Fig . 2 . Razor edge scan through the x-ray focus demonstrating the 0.5-jim resolution. The step size is 0.06 jm. In summary, we have constructed a compact scanning soft-x-ray microscope that fits entirely on a single optical table. Our approach is to use laboratory-scale pulsed lasers to produce a plasma soft-x-ray source of high average brightness, and to combine this source with high-throughput, multilayer-coated normal-incidence optics. The present microscope operates at a wavelength of 14 nm and has a resolution of 0.5 ± 0.1 jim and an x-ray flux through the focus of 104-105 sec- In the future the use of lasers with higher-repetition-rates (>1 kHz) and shorter pulses (100 psec) to drive the laser-produced plasma source will reduce picture acquisition time and produce hotter, brighter plasmas with more emission at shorter wavelengths. The required laser performance is currently available in small solid-state laser systems, 14 and even more compact and efficient diode-pumped solid-state laser systems should be available in the future. 15 Improvements in the mirror alignment and surface figure should result in higher resolution, while further progress in multilayer coatings and mirror surface quality should extend operation to the more interesting region of the water window. A compact microscope operating in the water window would provide an attractive complement to the more powerful but less accessible synchrotron-based microscopes.
